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IgG Antibodies to Endothelial Protein C Receptor-Binding Cysteine-
Rich Interdomain Region Domains of Plasmodium falciparum
Erythrocyte Membrane Protein 1 Are Acquired Early in Life in
Individuals Exposed to Malaria
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Severe malaria syndromes are precipitated by Plasmodium falciparum parasites binding to endothelial receptors on the vascular
lining. This binding is mediated by members of the highly variant P. falciparum erythrocyte membrane protein 1 (PfEMP1) fam-
ily. We have previously identified a subset of PFEMP1 proteins associated with severe malaria and found that the receptor for
these PfEMP1 variants is endothelial protein C receptor (EPCR). The binding is mediated through the amino-terminal cysteine-
rich interdomain region (CIDR) of the subtypes 1.1 and a1.4 to «1.8. In this study, we investigated the acquisition of anti-
CIDR antibodies using plasma samples collected in four study villages with different malaria transmission intensities in north-

eastern Tanzania during a period with a decline in malaria transmission. We show that individuals exposed to high levels of
malaria transmission acquire antibodies to EPCR-binding CIDR domains early in life and that these antibodies are acquired
more rapidly than antibodies to other CIDR domains. The rate by which antibodies to EPCR-binding CIDR domains are ac-
quired in populations in areas where malaria is endemic is determined by the malaria transmission intensity, and on a popula-
tion level, the antibodies are rapidly lost if transmission is interrupted. This indicates that sustained exposure is required to

maintain the production of the antibodies.

Individuals in countries where malaria is endemic acquire im-
munity to febrile malaria episodes after years of exposure and
repeated disease episodes (1, 2). The age at which protection is
established depends on the malaria transmission intensity in the
area of residence (3—6). Immunoglobulin G (IgG) targeting the
asexual blood stages of the parasites is an important immunolog-
ical effector mechanism mediating malaria immunity (7, 8), and
several lines of evidence indicate that members of the Plasmodium
falciparum erythrocyte membrane protein 1 (PfEMP1) protein
family are important targets for immunity (6, 9-13). PAEEMP1s are
large multidomain proteins consisting of two to nine Duffy bind-
ing-like (DBL) and cysteine-rich interdomain region (CIDR) do-
mains, which based on sequence similarity can be divided into
different subgroups (14, 15). The proteins are expressed on the
surface of infected erythrocytes and mediate binding of these cells
to receptors on the vascular lining (16-19). In this way, the in-
fected erythrocytes are effectively sequestered, and they avoid
splenic clearance. IgG recognizing PfEMP1 inhibits the binding
between the infected erythrocytes and the endothelial cells, and
parasites expressing a PFEEMP1 targeted by binding inhibitory IgG
will be killed in the spleen. However, in an evolutionary arms race
each parasite genome has acquired about 60 var genes, encoding
different PFEMP1s binding different endothelial receptors (20),
and isogenic parasites can, depending on which PfEMP1 they ex-
press, bind different endothelial receptors. To multiply effectively,
parasites are limited to expressing PFEMP1 types not targeted by
binding inhibitory IgG, and exposed individuals slowly acquire
malaria immunity as the anti-PfEMP1 antibody repertoire ex-
pands with repeated exposure to infections (21).
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As opposed to immunity against uncomplicated febrile ma-
laria attacks, immunity to severe malaria infections is acquired
early in life after one to three episodes of life-threatening disease
(22, 23). Interestingly, episodes of uncomplicated malaria occur
prior to or in between the episodes of severe malaria, suggesting
that uncomplicated malaria attacks do not always contribute to
the acquisition of immunity to severe episodes (23). This has
raised hopes that severe malaria is precipitated by parasites ex-
pressing a limited group of specific PFEMP1 molecules. Moreover,
exposure to one or a few members of these PFEMP1s is thought to
induce IgG that is widely cross-reactive to other members of the
group, thereby protecting individuals who have acquired the an-
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TABLE 1 Sampling strategy comparing the target number of individuals
in each age group for each survey with the number actually recruited

Acquisition of IgG to CIDR Domains of PfEMP1

TABLE 2 Point prevalence of parasitemia among study participants in
the four villages from 2004 to 2009

Opverall target

Targetno.  no. for 14 Actualno.  Mean age
Agerange (yr)  persurvey  surveys tested (yr) £ SD
0-1 15 210 173 1.5%03
2-3 25 350 370 3.0 0.6
4-7 40 560 492 53*0.8
8-10 20 280 309 85*09
15-60 15 210 178 21.1 = 10.1
Total 115 1,610 1,522

tibodies against repeated attacks of severe disease. If this is true, it
should be possible to protect children against severe malaria by
inducing cross-reactive IgG by vaccination of infants. Analyses of
var gene transcription and PEMP1 expression in children suffer-
ing from severe malaria has indicated that parasites causing severe
disease express a group of PfEMP1s binding endothelial protein C
receptor (EPCR) (24-28). The binding is mediated by N-terminal
CIDR domains, and only PfEMP1s containing CIDR domains of
the subtypes al.1 or a1.4 to 1.8 bind EPCR (29). Other subtypes
(a2 to a5) of CIDR mediate parasite binding to CD36 (30), while
yet others have not been associated with a binding phenotype.
Since immunity to severe malaria is acquired during the first years
of life in areas with high malaria transmission, antibodies against
EPCR binding CIDR domains are predicted to be acquired early in
life in populations in areas where malaria is endemic if they are
mediators of immunity against severe malaria. We performed a
comprehensive study on the acquisition of anti-CIDR antibodies
and show (i) that antibodies to EPCR binding CIDR domains are
acquired early in life and before antibodies to other CIDR do-
mains, (ii) that the malaria transmission intensity has a profound
influence on the speed by which these antibodies are acquired, and
(iii) that on a population level these antibodies are rapidly lost if
transmission is interrupted.

MATERIALS AND METHODS

Study population. The study was conducted in the Tanga region of north-
eastern Tanzania in the villages of Mkokola and Kwamasimba of the
Korogwe district and in the villages of Mapapayu and Magoda of the
Muheza district. The region is characterized by marked variations in in-
tensity of P. falciparum transmission, which is altitude dependent (31).
Mapapayu, Magoda, and Mkokola villages are at low altitude (200 to 300
m), and Kwamasimba village is at intermediate altitude (800 to 1,200 m).
Blood samples were collected either by finger prick or venipuncture after
receiving written informed consent from the study participants or from
their parents or legal guardians. Approximately 115 individuals between 0
and 60 years were randomly recruited at cross-sectional surveys con-
ducted on an annual basis in May and June during 2004 to 2009 (32). For
each of the 14 surveys (Mkokola and Kwamasimba in 2004 to 2009 and
Magoda and Mapapayu in 2008), the target was to include 15, 25, 40, 20,
and 15 individuals aged 0 to 1, 2 to 3, 4 to 7, 8 to 10, and 15 to 60 years,
respectively, and these targets were largely met (Table 1). Plasma was
collected after centrifugation at 2,000 rpm for 10 min and stored at —20°C
until analysis. Both thick and thin blood slides were also prepared, stained
with Giemsa and investigated for the presence of malaria parasites. During
the study period, the area witnessed a dramatic decrease in malaria trans-
mission (32). This was reflected in the prevalence of parasitemia among
the study participants, which in Mkokola and Kwamasimba fell from 65.8
and 15.0% in 2004 to 6.0 and 0% in 2009, respectively. The point preva-
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Parasitemia (% positive by microscopy of blood

slides) in:
Village 2004 2005 2006 2007 2008 2009
Kwamasimba 15.0 8.3 1.9 6.8 33 0
Mkokola 65.8 52.0 33.0 26.8 8.0 6.0
Magoda® 50.8
Mapapayu* 34.3

@ For Magoda and Mapapayu, only samples collected in 2008 were analyzed.

lence of parasitemia among study participants by age and year of sampling
is shown in Table 2. The study protocols were approved by the Medical
Research Coordinating Committee of the Tanzanian National Institute
for Medical Research.

Protein expression, coupling to beads, and analysis of IgG reactivity.
Baculovirus protein expression, coupling of recombinant proteins to Mi-
croplex Microsphere beads, and measurements of IgG reactivity to mul-
tiplexed proteins were performed as described previously (33). Individu-
als were classified as having a measurable IgG response (i.e., as
responders) if the measured antibody level was higher than the mean plus
two standard deviations for 20 Danish controls. The individual IgG re-
sponses were quantified on the basis of the measured mean fluorescence
intensity level.

ELISA. Inhibition enzyme-linked immunosorbent assay (ELISA) was
carried out as described previously (33) using 3 g of EPCR/ml for coat-
ing, 1 pug of IT4var20 CIDRa1.1/ml, and 6% serum.

Statistics. Demographic data were doubly entered and validated in
Microsoft (MS) Access database and exported to STATA. The antibody
levels measured as the mean fluorescence emission from the antibody-
coupled beads were collected in MS Excel and exported to STATA12 for
the statistical analyses. Individuals were categorized as responders or non-
responders for each of the CIDR domains based on the cutoff derived
from the reactivity in plasma from the Danish controls. For each CIDR
domain group (e.g., EPCR-binding CIDR domains) and in each individ-
ual, the percentage of domains to which an individual had antibodies was
calculated for each CIDR grouping as the number of CIDR domains in the
domain group recognized by IgG/number of CIDR domains tested in that
domain group. For example, to compare the serological recognition of
CIDR domains belonging to different groupings, the seropositivity of
EPCR-binding domains (e.g., four domains recognized out of eight in
individual X) was compared to the seropositivity of CIDR predicted to
bind CD36 (e.g., two domains recognized out of thirteen tested in indi-
vidual X). These types of comparisons were made in each of the 1,522
Tanzanian individuals, and the results were evaluated by paired  test.

To evaluate the acquisition of antibodies with age, Lowess mean
smoothing values were generated for each individual for each of the anti-
genic groups using a bandwidth of 0.8 years. Lowess curves were com-
pared statistically using paired comparisons of Lowess values for each
antigenic group in each individual using a ¢ test. Antibody levels across age
groups and across samples collected at different years were evaluated us-
ing analysis of variance (ANOVA) reporting Bonferroni corrected P val-
ues. A multiple linear model was used to evaluate the relative influence of
homestead, age group, and year of blood sampling on mean antibody
levels. Homestead Kwamasimba, age 0 to 1 years, blood sampling groups
in 2004 were used as reference groups.

RESULTS

The IgG antibody response to 34 PEEMP1 CIDR domains (Fig. 1)
was tested in plasma samples from 1,522 Tanzanian individuals
using a multiplex system. Plasma IgG reactivity was scored as pos-
itive or negative based on a cutoff calculated using the reactivity in
nonimmune plasma. The CIDR domains can be grouped accord-
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. . Predicted
Domain Domain Percent e
Gene casette | annotation | responders binding
phenotype

HB3var03 13 CIDRal.4 44 EPCR

IT4var20 8 CIDRal.1 41 EPCR
HB3var35 16 CIDRS 40 Rosetting

IT4var18 32 EPCR
HB3var01 16 CIDRS 29 Rosetting

IT4var21 CIDRa3.1 27 CD36
PFD1235w 4 CIDRal.6 25 EPCR
PFD0020c 8 CIDRal.1 24 EPCR
PF11 0521 13 CIDRal.4 24 EPCR
HB3var02 4 CIDRal.6 24 EPCR
HB3var25 CIDRy1 23

IT4var08 CIDRy3 22
PF11 0008 5 21

IT4var13 20
PF13_0003 16 CIDRS 17 Rosetting |
PF11 0008 CIDRy3 14

HB3var27 CIDRa3.1 14 CD36
IT4var02 5 14
PF13 0003 16 14 Rosetting |
HB3var05 16 13 Rosetting |
HB3var13 CIDRa3.2 12
PF08_0140 4 CIDRal.6 11 EPCR
DD2var01 CIDRa3.1 10 CD36
PF08 0103 CIDRa2.2 9 CD36

IT4var15 CIDRa3.8 9 CD36
PFL2665c CIDRa2.3 6 CD36
PFC0005w CIDRa2.4 5 CD36

IT4var02 16 CIDRS 5 Rosetting |
PFD0005w CIDRa2.1 5 CD36
PFLO005w CIDRa2.2 5 CD36
PFL1955w CIDRa3.4 4 CD36
PFL1955w CIDRa3.4 2 CD36
MAL6P1.1 CIDRa4 2 CD36
MAL6P1.4 CIDRy1 2

GLURP R2 32

AMA1 57

FIG 1 Description of recombinant proteins used in the study. The gene or
protein name, domain cassette association (only shown if the domain is asso-
ciated with a cassette [15]), annotation (color coded according to subtype
[15]), percent responders (percentage among 1,522 Tanzanian individuals
who had an IgG response above the cutoff), and predicted binding phenotype
(as defined in Table 3) are presented.

ing to phylogeny and for some subgroups the ligand for the do-
mains can be predicted. Thus, we grouped the domains (Fig. 1)
into those predicted to bind EPCR (CIDRa subgroups 1.1 and 1.4
to 1.8), those belonging to group CIDRS possibly associated with
PfEMP1 variants mediating rosetting (34), those predicted to bind
CD36 (CIDR subgroups a2 to a5) (30), and those belonging to
group CIDRy or the CIDRB3/4 subgroups (some of these are
found in PfEMP1s binding PECAM1) (35).

Individuals were categorized as responders or nonresponders
for each of the 34 CIDR domains. For each CIDR domain group
(e.g., the EPCR-binding CIDR domains) and in each individual,
the proportion of CIDR domains to which the individual had
antibodies was then calculated for each CIDR grouping. For ex-
ample, individual “X” had antibodies to 4 of 8 EPCR-binding
domains and 2 of 6 CIDRy domains and therefore had a recogni-
tion of 0.50 of the EPCR-binding domains and 0.33 of the CIDR'y
domains. This strategy allowed for a paired comparison between
the recognition of each CIDR domain group in each individual,
and it showed that recognition of EPCR-binding CIDR domains
was more prevalent than recognition of CIDRy domains and that
CIDR domains binding CD36 were least likely to be recognized by
IgG (Table 3). The two best-recognized domains bound EPCR
(Fig. 1), and individuals were unlikely to possess IgG to other
CIDR domains without having developed IgG against the two
best-recognized domains (data not shown). These results show
that binding phenotype predicts serological reactivity and suggest
thatindividuals are exposed to EPCR-binding CIDR domains ear-
lier in life than they are exposed to CIDR domains associated with
other binding phenotypes. This notion was confirmed by analyz-
ing the seropositivity by age (Fig. 2 and Table 4). Antibodies to
CD36-binding domains were acquired slowly, and seropositivity
plateaued at age 20 to 30 years. Antibodies to EPCR-binding do-
mains were acquired rapidly, and seropositivity peaked at 10 years
(seroreactivity was not measured in individuals aged 11 to 14
years). Seroreactivity was also measured to six antigenic con-
structs representing nonvariant blood-stage antigens (EBA-175,
AMA-1, MSP3, and GLURPR) and, on average, these were ac-
quired at a slower pace than antibodies to the EPCR-binding
CIDR domains and on par with the antibodies against CIDR3
domains. Interestingly, the likelihood of having antibodies to
blood-stage antigens continued to increase after the age of 15,
whereas the seropositivity rates declined for the EPCR-binding
CIDR domains and the CIDR3 domains. The same pattern was
found when comparing domain-specific IgG levels in individuals
of different ages (Fig. 3). For EPCR-binding CIDR domains and
CIDRS domains, the levels were highest in individuals aged 8 to 10
years and statistically significantly lower in individuals aged 15
years or older (P < 0.01, ANOVA, Bonferroni corrected).

These data indicate that children are exposed to EPCR-binding
domains early in life and that the exposure to these and CIDRS
domains declines during adulthood, despite a continued exposure
to blood-stage antigens. The same pattern was seen when the abil-

TABLE 3 Serological recognition of CIDR domain types among 1,522 individuals living in areas with different malaria endemicities

Median likelihood (95% CI) b

No.of  ofresponding to a domain
CIDR domain type and predicted binding phenotype”  domains of this type (n = 1,522) CIDRal.1-1.8  CIDR& CIDRa2-5  CIDRy
CIDRal.1 and CIDRa1.4-1.8 (EPCR binders) 8 0.28 (0.27-0.30)
CIDRS (associated with rosetting PFEMP1) 6 0.20 (0.18-0.21) >5X 10>
CIDRa2-5 (CD36 binders) 13 0.08 (0.07-0.09) >5X 1077 >5X 107>
CIDRYy (associated with rosetting PFEMP1) 5 0.20 (0.19-0.21) >5X 1077 0.41 >5X 1077
CIDRB3/4 (associated with PECAM1-binding 2 0.17 (0.16-0.19) >5%107°  0.001 >5%107° >5x%107°

PfEMP1)

“ Predicted binding phenotypes are indicated in parentheses. Binding was predicted from similar domain types binding to the indicated ligand. The binding phenotypes of CIDR3
and CIDR@ have not been tested extensively. Some CIDRS domains are found in PFEMP1s-mediating rosetting. The CIDRB3/4 domains are found in DC5 PfEMP1. DC5-
expressing parasites have been reported to bind PECAM1, but the PIEMP1 domain mediating the interaction is unresolved.

b A paired f test was used to compare the mean likelihood of responding to group X versus group Y, considering each individual as one natural experiment.
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FIG 2 Age-dependent serological reactivity to different groups of CIDR do-
mains and blood-stage proteins. The mean percentage of malaria antigens
within each grouping recognized by IgG according to age in plasma from 1,522
Tanzanian individuals. Antigen groupings: EPCR-binding CIDR domains
(n = 8 domains), CIDR3 (n = 6 domains), CD36-binding CIDR (n = 13
domains), asexual blood-stage proteins (n = 6; EBA-175, AMA-1, MSP3,
GLURP RO, GLURP R1, and GLURP R2). Curves were generated with Lowess
mean smoothing with a bandwidth of 0.8. A statistical evaluation of age-re-
lated differences is presented in Table 4.

ities of plasma to inhibit the interaction between an EPCR-bind-
ing CIDR domain and EPCR were compared across age groups
(Fig. 4).

The plasma samples were collected from individuals living in
four different villages characterized by a marked difference in ma-
laria transmission and the samples were collected over a period of
6 years (2004 to 2009) during which the malaria transmission in
the area plummeted. Linear regression models showed that age,
village of residence, and year of sampling were predictors of
plasma levels of antibodies to EPCR-binding CIDR domains (Ta-
ble 5). This indicates that the level of malaria transmission has a
strong influence on the pace at which antibodies to PfEMP1 are
acquired. To analyze this in more detail, we compared the acqui-
sition of antibodies against EPCR-binding domains in a high
(Mkokola) and a low (Kwamasimba) transmission village using
data collected during the first 3 years of the study (Fig. 5 and Table
6). Children living in Mkokola had higher antibody responses
toward a broader range of EPCR-binding CIDR domains than
children living in Kwamasimba, and antibodies were acquired at a

Acquisition of IgG to CIDR Domains of PfEMP1
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FIG 3 Age-dependent acquisition of IgG to different types of CIDR domains.
IgG levels (box plot: median with 25th and 75th percentiles, upper and lower
adjacent values, and outliers) to EPCR-binding CIDR domains (upper panel),
CIDRS domains (middle panel), and CD36-binding CIDR domains (lower
panel) in different age groups are shown. Individuals (n = 31, 82, 96, 60, and 45
for each age group, respectively) were subjected to high malaria transmission
at the time of sampling (living in Mkokola in 2004 and 2005 and in Magoda).
The green diamond indicates that the IgG levels were statistically significantly
lower than the levels found in the age group 8 to 10 years (P < 0.001 ANOVA,
Bonferroni corrected).

TABLE 4 Age-related seropositivity (mean percentage) to different groups of CIDR domains and blood-stage antigens in 1,522 Tanzanian

individuals

Age-related seropositivity (mean %) and corresponding P values”

CIDRS CD36-binding CIDR Blood-stage antigens®

Age group in yr (n) EPCR-binding CIDR (%) % Pt % Pb % Pt
0-1(172) 4 2 0.047 1 0.0012 6 0.025¢
2-3(370) 14 11 >5X 1077 4 >5 X 10° 11 0.0037
4-7 (598) 32 23 >5X%X 1077 8 >5 X 10° 21 5% 1077
8-10 (289) 41 34 >5%10°° 11 >5X% 10° 36 0.03
15+ (179) 33 26 >5X 1077 12 >5 X 10° 55 5% 107

“ The CIDR groupings correspond to those given in Table 1.

b P values were determined based on comparisons to the seropositivity of EPCR-binding CIDR (paired ¢ test).
¢ Six blood-stage antigens were tested (AMA1, EBA-175, MSP3, GLURPRO, GLURP-R1, and GLURP-R2).

4 Statistically significantly higher values than in EPCR-binding CIDR.
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FIG 4 Binding inhibition assay. Inhibition of the binding between an EPCR-
binding CIDR domain (IT4var20 CIDRa1.1) and EPCR by plasma collected in
Mkokola in 2004 (n = 12, 26, 35, 17, and 13 in each age group, respectively).
The green diamond indicates that the binding inhibition was statistically sig-
nificantly lower than the binding inhibition in the age group 8 to 10 years (P <
0.004 ANOVA, Bonferroni corrected; correlation between anti-CIDR«a1.1 an-
tibody levels and inhibition [P < 0.0005, Spearman’s rho = 0.49]). Box plots
are as described in Fig. 3.

faster pace in Mkokola. As noted earlier, the breadth of the anti-
body response diminished in adulthood, but interestingly, the peak
occurred later in Kwamasimba than Mkokola. From the age of 30
years, the breadth of the response was similar in the two villages.
These data show how transmission influences antibody levels
by comparing the situation in two geographical locations charac-
terized by different transmission intensities. To analyze how a
decline in transmission due to natural fluctuation or malaria in-
tervention may influence antibody levels, we compared the me-

TABLE 5 Multiple linear regression model predicting the anti-IgG
plasma levels to EPCR-binding CIDR domains according to homestead,
year of sampling, and subject age®

Category Coefficient 95% CI P
Village
Kwamasimba Ref
Mkokola 218 187 to 250 >5X107°
Magoda 373 307 to 439 >5X 1077
Mapapayu 140 71 to 209 >5X 1077
Yr
2004 Ref
2005 27 —23to 81 0.32
2006 -36 -91to 19 0.20
2007 -57 —111to—4 0.036
2008 -84 —136 to -31 0.002
2009 -153 —207 to =90 >5X 1077
Age group
0-1 Ref
2-3 107 55 to 160 >5X107°
4-7 299 249 to 350 >5X 107°
8-10 378 324 to 432 >5X107°
15-60 289 228 to 350 >5X 1077

“n = 1,522 individuals. Ref, reference.
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FIG 5 Age-dependent acquisition of anti-CIDR antibodies by individuals
subjected to high or moderate malaria transmission. Mean percentage of eight
EPCR-binding CIDR domains recognized by IgG in plasma from individuals
living in a village with high (Mkokola) or low (Kwamasimba) malaria trans-
mission. Curves were generated with Lowess mean smoothing with a band-
width of 0.8. To avoid the effect of a general decline in transmission during the
study, only samples collected from 2004 to 2006 were included (n = 652). A
statistical evaluation of the age-related differences is presented in Table 4.

dian anti-CIDR antibody levels in plasma collected in Kwa-
masimba and Mkokola during the annual surveys from 2004 to
2009 (Fig. 6). For all CIDR groups (EPCR-binding, CIDRS, and
CD36-binding) the median antibody level peaked in 2005 and
declined steadily thereafter. The decline was pronounced for
EPCR-binding domains and CIDRS domains, where the median
2009 levels were reduced to ca. 20 and 10% of the 2005 level,
respectively. This was illustrated by comparing the mean levels of
IgG to EPCR-binding domains in children aged 4 to 6, which were
711 U (95% confidence interval [95% CI] = 571 to 851) in 2005
and 271 U (95% CI = 151 to 391) in 2009 (P < 10~ * [t test]; n =
30 and #n = 28 in 2005 and 2009, respectively). The corresponding
levels for children aged 2 to 3 were 367 U (95% CI = 261 to 473) in
2005 and 64 U (95% CI = 23 to 105) in 2009 (P = 0.003 for the
difference between 2005 and 2009 [f test]). The 2009 levels were
on par with what is measured in nonendemic plasma (data not
shown). These data indicate that the levels of antibodies against
EPCR-binding CIDR domains are waning quickly in areas where

TABLE 6 Age-related seropositivity to EPCR-binding CIDR in samples
collected in Mkokola (high transmission) or Kwamasimba (moderate
transmission)

Mean % seropositivity

Age group (yr) Mkokola Kwamasimba P

0-1 4 3 0.047
2-3 24 5 5X107°
4-7 45 18 5x107°
8-10 49 27 5X107°
15-60 35 27 0.07
30-60 23 16 0.55

“ Calculated using a Student ¢ test that included 60 and 87, 142 and 175, 243 and 268,
90 and 89, 74 and 75, and 23 and 7 individuals for each age group in Mkokola and
Kwamasimba, respectively.
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FIG 6 Comparison of anti-CIDR IgG levels in samples collected from 2004 to
2009. The median IgG levels among individuals from Mkokola and Kwamasimba
to different groups of CIDR measured during the five study years were charted.
Diamonds indicate that the IgG levels were statistically significantly lower than the
levels found in 2005 (P < 0.01 ANOVA, Bonferroni corrected).

transmission is declining and that children in such areas acquire
these antibodies later in life.

DISCUSSION

To complete asexual blood multiplication, late-stage P. falciparum
has to sequester on cells of the vascular lining to avoid being killed
in the spleen. The attachment is mediated by different members of
the large family of PEEMP1 proteins (16-19), which can bind to
receptors with nanomolar affinity and thereby anchor infected
erythrocytes to endothelial cells and syncytiotrophoblasts (28,
36). Individuals exposed to malaria infections acquire IgG recog-
nizing PFEMP1 expressed on the surface of infected erythrocytes,
and some of these antibodies can inhibit the interaction between
specific PEEMP1s and their binding partners (29, 37-42) (Fig. 4).
Each parasite has the capacity to express about 60 different
PfEMP1 molecules but usually only expresses one at a time (43—
45). The data from experimental infections with a monoclonal
parasite line indicate that among the hundreds of thousands of
parasites that are released from the liver into the bloodstream, all
PfEMP1 variants carried by the parasite are expressed (46, 47).
This creates a situation where, in naive individuals, about 60 dif-
ferent isogenic but phenotypically distinct parasite populations
compete to fill the ecological niche. In malaria-naive individuals,
the multiplication rate of a parasite is influenced by how effec-
tively the PEMP1s expressed by this parasite mediate sequestra-
tion and prevent the parasite from being killed in the spleen. Thus,
parasites expressing the most effective PEEMP1 binders will out-
grow parasites expressing less effective binders and IgG responses
will first be acquired by the domains constituting these PfEMP1s.
We have previously shown that in populations in areas where
malaria is endemic, the acquisition of anti-PfEMP1 IgG directed
against DBL domains is not random (48, 49), but that antibodies
to domains found in group A PfEMP1 and in group B PfEMP1
harboring domain cassette 8 are acquired early in life and before
IgG to domains found in the remaining group B and group C
PfEMP1s (24). In the absence of reliable data on the binding func-
tionality of the domains tested, these earlier studies were limited
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by the fact that the grouping of domains was based on sequence
analyses. Lately, it has become evident that PEEMP1 molecules can
be divided by the binding capability of their N-terminal CIDR
domains into those that bind EPCR (28) or CD36 (30) and vari-
ants with unknown binding capabilities, possibly linked to roset-
ting (15, 50). We compared levels of antibodies to a large number
of CIDR domains in 1,522 individuals exposed to malaria and
found pronounced and systematic differences in the IgG re-
sponses to the different groups of CIDR domains. Antibodies to
EPCR-binding CIDR domains are most prevalent, most likely to
be acquired first, and in areas of high malaria transmission likely
to be acquired early in life (Table 3, Fig. 1 and 4). EPCR binding is
associated with severe malaria, and parasites from patients suffer-
ing from severe malaria transcribe var genes encoding CIDR do-
mains predicted to bind EPCR. The data presented here suggest
not only that CIDR binding is associated with disease severity but
that the first P. falciparum infections experienced by an individual
are likely to be dominated by parasites expressing PEEMP1 types
harboring EPCR-binding domains. We did not address whether
the anti-CIDR antibodies induced during these early infections
played a functional role in protection against severe malaria.
However, in areas of high malaria transmission, children are at the
highest risk of developing severe malaria when they are between 1
and 3 years of age. Most children only experience one, sometimes
two, and very rarely three episodes of life-threatening malaria
(51), and the combined evidence suggests that antibodies against
EPCR-binding CIDR domains could play a role in protecting chil-
dren against severe disease. We showed here that children acquire
antibodies that block the binding between a CIDR and EPCR (Fig.
4). Moreover, we have previously shown that IgG affinity purified
on a peptide corresponding to the CIDR domain’s EPCR binding
site of one CIDR domain are able to inhibit the EPCR binding of a
broad selection of different CIDR domains (29). Since the amino
acids mediating EPCR binding in some of these domains differed
quite considerably from those of the peptide used for the affinity
purification, the results indicated that individuals develop IgG that is
functional and broadly cross-reactive between EPCR binding CIDR
domains. Future longitudinal studies are needed to establish whether
such antibodies play a role for the development of immunity.

Here we found that IgGs to CIDRS domains were also acquired
relatively early in life. No endothelial binding partner has been iden-
tified for CIDRS, but these domains have been found in PfEMP1s
mediating rosetting (50). Rosetting, the binding of uninfected eryth-
rocytes to PEEMP1 expressed on infected erythrocytes, has previously
been associated with severe malaria (37). Transcriptional analysis in-
dicates that var genes encoding CIDRS are highly transcribed in a
significant but relatively small percentage of patients with severe ma-
laria (24). The data presented here suggest that individuals are ex-
posed to CIDRS domains after relatively few infections. Our results
also suggest that IgG response to CD36-binding CIDR domains be-
gins to accumulate after IgG responses to EPCR-binding CIDR and
CIDRS domains have been established. This suggests that parasites
expressing CIDR domains binding CD36 are at a disadvantage in the
absence of an effective IgG response against parasites expressing
EPCR-binding CIDR or CIDRS.

The breadth and the level of the IgG response to EPCR-binding
CIDR or CIDRS domains peaked during childhood and declined
markedly during adolescence (Fig. 2, 3, and 4). This indicates that
the exposure to parasites expressing EPCR-binding CIDR or
CIDRS domains diminishes in these age groups despite a contin-
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ued exposure to asexual blood-stage parasites and could be ex-
plained as a consequence of having an effective immune response
against parasites expressing these phenotypes. It does not explain
why older individuals not having high levels of these antibodies
are not likely to develop severe malaria. It could be that these
individuals are protected by other immune mechanisms or IgG
with other specificities; alternatively, these individuals may have
developed an immunological memory response enabling rapid
production of IgG against critical CIDR domains.

The present study confirms earlier findings (48, 52) that the
level of malaria endemicity in the area of habitation has a pro-
found effect on the pace by which the anti-PfEMP1 antibody rep-
ertoire is developed (Fig. 5). Malaria transmission declined con-
siderably during the 5-year study period (32), as reflected in a drop
in point prevalence of parasitemia among the study individuals
living in Mkokola from 65.8 to 6.0% between 2004 and 2009.
During the same period there was a dramatic fall in the mean
anti-CIDR IgG levels in all age groups (Fig. 6), indicating that a
sustained exposure is required to maintain the production of these
antibodies. Indeed, as a group, the children born during the last
part of the study had antibody reactivity on par with those mea-
sured in unexposed Europeans. These results raise the question of
malaria susceptibility in the population if the higher level of trans-
mission is restored. To what extent will older children have lost
malaria immunity, and will a broad age range of children born
during the period with low transmission be at risk of developing
severe disease? Unfortunately, these questions are not entirely ac-
ademic, since there are indications that malaria transmission has
increased in this region despite continued control efforts.
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